Graphite intended for green engineering was synthesized by noncontaminant reverse abrasion, which consists of graphite layers assembled with thickness controlled on SiC sandpaper as insulating substrate. Phase formation of the graphite layers was validated by X-ray diffraction studies and its finished profile by Atomic Force Microscopy (AFM). Transport parameters of only three layers were evaluated from current-voltage curves. Mathematical functions such as derivative and modulation of a signal have been built by graphite circuits using different performance principles, compared to those used with silicon devices. The trends related to electronic engineering should be achieved with design of the graphite-based devices to facilitate their mass production in the near future.
Introduction
In the last decades, advances in electronic engineering based on circuits of large scale integration (LSI) have found extensive application in communications, automation, and other areas [1] . However, such applications have been implemented by silicon-based architectures and their end life corresponding to the waste electronics which deteriorate the environment at high levels of pollution. By using different performance principles as well as employing earth materials [2] , carbon-based architectures intended from elementary mathematical functions could satisfy environmental requirements to the fabrication of novel applications such as control devices and sensors [3] [4] [5] .
Researchers have synthesized carbon-based devices using chemical vapor deposition (CVD) techniques where volatile compounds of carbon onto nickel or cooper surfaces serve to catalyze the conversion of those into graphene by epitaxial growth and annealing of silicon carbide (SiC) at high temperatures [6, 7] . Due to that high cost of production, setback in its scalability, degradation of electronic properties, requirement of specialized equipment, poor mass production, and environmental concerns related to the toxic vapors, the market for carbon-based devices has been blocked. It is known that excessive levels of carbon gases can exacerbate biological effects with accumulative damage in the health [8, 9] .
Graphite is an allotrope of carbon which is the most stable under standard conditions and has been widely recycled from synthetic graphite electrodes of zinc-carbon batteries and electric motor brushes and others [10] . It is difficult for the ignition of the graphite to occur as a result of its higher thermal conductivity of = 2000 Wm/K and electron delocalization within its carbon layers as well as thermal properties highly anisotropic [11] , since phonons propagate very quickly along its bound planes but slower for traveling from one plane to another [12] . Ambipolarity phenomena could be a disadvantage to design semiconductor devices by its pure state with a zero-band gap which imply that for both positive and negative bias voltage any current flow does not change, but motion of the charge carries and heat conduction depend on its thickness and dimensions, which can be an advantage for graphite-based devices [7, 13] .
Alternatively, an abrasive material as SiC has several advantages to be functional under extreme conditions without breakdown damage. It is well known that SiC substrate is very expensive, but it has higher thermal conductivity of = 100-350 Wm/K at room temperature. Therefore, SiC sandpaper can be used as an insulating substrate, being easily found on the market at low cost. When it is used as substrate, it must be selected by its grain size and area to get finer finished profiles [13, 14] . This work introduces the fabrication of graphite layers made by noncontaminant reverse abrasion technique. Details of this process are presented in Section 2. Structural and transport parameters of the graphite layers as well as examples of green engineering are covered in Section 3. Finally, conclusions about this research are available in Section 4.
Material and Methods
Graphite rods with radii of 1 mm were recuperated from old pencils into their final stage, which can be used to be assembled on SiC sandpaper by friction forces between finer abrasive particles of SiC and graphite atoms to control the amount of graphite assembled on SiC substrate. To know the stability of the assembling, it is explained based on insertion of graphite atoms between layers and their stacking profile in SiC sandpaper which is related to the nucleation phenomena by stronger attractive forces between graphite and SiC atoms at the interface [9] .
Figure 1(a) shows the schematic of the process where a graphite rod with a half-spherical tip must be continuously displaced on a SiC surface. Figure 1 (b) indicates the four steps for synthesizing of the graphite layers. At the beginning the needed area of SiC sandpaper must be cut off with scissors (step 1). After that, a first graphite layer of smaller thickness can be assembled on SiC sandpaper (step 2). A metallic mask of 1.5 × 1.5 mm 2 , for example, should be placed after (step 3) as pattern of the junction area. Finally, a second layer of greater thickness can be assembled (step 4).
Phase formation of the graphite layers is validated by Xray diffraction studies (XRD patterns) with a PANalytical diffractometer of CuK radiation ( = 0.15418 nm). Finished profiles of the graphite surface as a function of asperities density and height distribution are studied by Atomic Force Microscopy (AFM) using a Digital Instrument (Veeco) Nanoscope. Transport of the graphite layers is evaluated from current-voltage curves. Graphite circuits are fabricated to demonstrate green engineering and its behavior is confirmed by waveforms collected with a digital storage oscilloscope (Tektronix, TDS1012C).
Results and Discussion
Pencils are still a small but significant source of natural graphite with planar structure of hexagonal form which can be useful by its mechanical properties based on easier slide of either smooth or distorted layers one to the other on SiC sandpaper. For that reason, to satisfy the trends related to electronic engineering of large scale integration (LSI), graphite and SiC are excellent candidates and only three types of graphite layers are synthesized by using the procedure of Figure 1 . Figure 2 shows XRD patterns of the layers synthesized. Samples labeled as GF1, GF2, and GF3 exhibit hexagonal phase of graphite with peak located at 26.60 ∘ and plane (002) according to PANalytical Card number 00-025-0284 and other authors [15, 16] Surface color of each layer assembled on SiC sandpaper is a first evidence of its finished profile. Nevertheless, a statistical behavior of the graphite surface allows knowing characteristics such as asperity which can be measured by parameter as the variation in profile height (roughness average), and average thickness as a function of the parameter can be analyzed to demonstrate the amount of graphite assembled (surface texture). Therefore, using an AFM analysis the finished profile of the graphite surface can be understood. 
Structural and Transport Parameters of Graphite Layers.
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Figure 3: AFM images of samples with graphite assembled of different thickness. As reference, the AFM image of SiC sandpaper is shown. Figure 3 shows AFM images of well-known samples labeled as SiC sandpaper, GF1, GF2, and GF3.
It is well known that a rough surface has the capacity to abrade, if its asperities induce stresses; thus the graphite surface should be measured as a function of density of the asperities and height distribution [14, 17] . Roughness and thickness average as finished parameters are related to the amount of graphite assembled and friction forces involved, which can be studied by a roughness algorithm using the Veeco software. Such finished parameters are listed in Table 1 . It is confirmed that the graphite samples assembled on SiC sandpaper have different finished profiles with parameter in the range from 2 to 16 nm, lower than its carrier mean free path of = 235 nm which is a critical parameter for electronic transport in graphite devices [7, 12] .
To know the electronic transport of the graphite layers, an electrical circuit of Figure 4 (a) has been built to obtain current-voltage curves of well-known samples labeled GF1, GF2, and GF3. Sinusoidal signal must be applied as input voltage and a resistor of 100 Ω for monitoring of the output signal was used. Physical diagram of Figure 4 (b) was built for measuring of each layer, where two aluminum (Al) electrodes were placed to connect the graphite layer of = 6 mm of length. Figure 4 (c) shows that each curve had an ohmic behavior from −10 to 10 V which has been previously studied by Ohm's law / = / [12] . From the slope / of each curve, the conductivity as a function of , and crosssectional area, equal to the multiplication between layer thickness and metallic mask wide can be computed.
Because low-field regime ( < 10 6 Vcm −1 ) is dominated by thermal scattering of phonons and thermal velocity V = is linear in field [18] , the average drift mobility, in graphite as a function of the variation of dimensions, thickness, and lower number of defects gives an indication on stability of the electronic transport. Consequently, should be calculated as a function of the thickness, which is equivalent to the parameter from AFM analysis (see Table 1 ) and can be described by = V / with V = 4.8 × 10 7 cm/s for graphite and as bias voltage across the layers. Table 2 gives the transport parameters from the experiment conducted in Figure 4 . Current-voltage curves allow knowing that the ambipolar behavior of graphite is dependent on and which can be controlled by device geometry, such as thickness and electrode dimensions, to get stable electronic transport.
Green Engineering Based on Graphite Circuits.
To demonstrate that derivative of a signal based on current injection by a bias voltage can be developed, a schematic diagram of a graphite layer assembled as circuit is shown in Figure 5 (a), which consists of the following array: a capacitor connected in series to a first section of the graphite layer with 3 mm of length located between electrodes 1 and 2 to perform a RC circuit, while, between electrodes 1 and 3, a second section with similar length to the first section is used to provide the bias voltage. It is well known that a typical response of a RC circuit is equivalent to the differentiator circuit [19] , but when an additional element is added a special behavior for the RC circuit can be gotten. Figure 5(b) shows a block diagram of the Pulse Width Modulation (PWM) which could be easier implemented by using of the circuit of Figure 5 (a), simplifying the well-known silicon-based circuits traditionally fabricated by complex-signal processors [20, 21] . By applying a square signal as input voltage of amplitude 1 V, duty cycle of 30%, and frequency of 100 Hz, the performance of the circuit of Figure 5 can be demonstrated. Figure 5(c) indicates typical derivative of a signal with a slope increased when bias voltage was not applied, while that derivative of a signal with slope decreased under bias voltage of 5 V can be driven (see Figure 5(d) ). As a result, if a bias voltage in the range from 0 to 5 V is injected, gradual slope changes can be obtained.
To disclose that a graphite circuit can be used for modulation of signals, a schematic diagram of Figure 6 (a) should be realized with two graphite layers of different conductivity GF1 and GF3 (see Table 2 ). The behavior of this modulator circuit type can be understood by a mathematical function shown in Figure 6 (b). Figure 6(c) shows the modulation of a signal monitored from a resistor of 1 kΩ, when a full-rectified signal of amplitude 10 V and frequency of 120 Hz in GF1 layer, as well as square signal of amplitude 1 V, frequency of 600 Hz, and duty cycle of 50% in GF3 layer, has been applied. For example, GF1 has lower conductivity and GF3 higher conductivity; the modulation process can be developed.
To validate the technological importance of the green engineering based on graphite circuits it is explained to compare the physical properties such as and thermal conductivity of graphite samples with those of GaN and silicon. For GaN the degradation of the heat conduction properties depends on quality, purity, and thickness of its films, because lower thermal conductivity of GaN is in the range of 125 to 225 Wm/K, compared to that of bulk graphite ( = 2000 Wm/K) at room temperature [13] . Also, the current conduction of silicon devices has been determined by in the range of 200 to 1000 cm 2 /Vs, which is dependent on the ionized impurity concentration in the range of 10 15 to 10 18 cm Advances in Materials Science and Engineering thermally diffused by planar technology at high temperatures [22] . The proposed graphite devices can become an industrialscale alternative for electronic engineering applications; because of that graphite circuits have been built with higher junction area around ∼10 −1 cm 2 than that of 10 −4 to 10 −3 cm 2 for silicon and GaN, which allows the fact that heat spreading along graphite layers can be dissipated on SiC sandpaper when higher current conduction in samples of lower thickness than that of 500 nm is attained at in the range of 250 to 290 cm 2 /Vs without concentration of donor and acceptor impurities as in silicon devices [18, 22] , which means that stacking profile of graphite assembled on SiC sandpaper is associated with lower trap concentration (intrinsic structural defects).
Conclusions
Graphite layers synthesized by noncontaminant reverse abrasion have been studied. From graphite rods recuperated by old pencils and SiC sandpaper as an insulating substrate, graphite circuits as an example of green engineering were demonstrated. In spite of graphite limitations as its ambipolar character, design of the graphite-based devices inspired by using different performance principles should be continued in the future. To get stable devices environmentally friendly, automation must be projected for mass production free of toxic sources.
